Thus the rapid increase in X-CGD expression in induced cells reflects the acquisition of functional competence and not the concomitant cessation of proliferation or shift in cell cycle distribution.
Phagocytic cells such as granulocytes and macrophages produce superoxide, peroxide, and other reactive oxygen intermediates with microbicidal, tumoricidal, and inflammatory effects (1, 28) . The central reaction in this process is catalyzed by a membrane-associated NADPH oxidase (2) , which transfers an electron to reduce molecular oxygen to superoxide. The enzyme system is inactive in resting cells but rapidly activates upon exposure of a phagocyte to a variety of particulate and soluble stimuli that act though several alternative pathways of transmembrane signal transduction (27) . The exact structure of the oxidase remains unknown, but there is evidence to suggest that it is a transmembrane (4) electron transport system which includes a unique, low-midpoint-potential cytochrome b (13) and probably an FAD-containing flavoprotein (24) .
Most studies of the superoxide-generating system have utilized mature granulocytes, monocytes, and macrophages harvested from peripheral blood or peritoneal exudates. The induced differentiation of the HL-60 myeloid leukemia cell line provides a useful in vitro model of myeloid development (11, 29) . The cell line, derived from a patient with acute myeloid leukemia, undergoes a low rate (1 to 5% of cells) of spontaneous myeloid differentiation in vitro (10) . Incubation with polar solvents (such as dimethyl sulfoxide and N,Ndimethylformamide [DMF]), retinoic acid (RA), or a wide variety of other agents (7, 9, 11) induces markedly increased differentiation to morphologic myelocytes, metamyelocytes, band forms, and polymorphonuclear leukocytes. Such differentiated HL-60 cells are capable of most granulocyte functions: chemotaxis, ingestion, respiratory burst activity, and bacterial killing (12, 18, 29) . Previous studies of superoxide generation in HL-60 cells have demonstrated the maturation of the NADPH oxidase, its cytochrome b component, and the membrane potential response to cell activation (29, 30) . However, examination of the molecular mechanisms of regulation of superoxide-generating activity has not been possible until the present time because no oxidaserelated probes have been available.
Recently, molecular cloning of the X-CGD gene and its cDNA has been accomplished (32) , allowing identification of the gene defective in the X-linked form of chronic granulomatous disease, a disorder in which phagocytes lack NADPH oxidase activity (5, 14) . The X-CGD gene product is the heavy chain of neutrophil cytochrome b (15, 36) , which is a heterodimer (31, 33) composed of the 90-kilodalton X-CGD-encoded glycoprotein and a 22-kilodalton nonglycosylated polypeptide (C. A. Parkos, M. C. Dinauer, L. E. Walker, R. A. Allen, A. J. Jesaitis, and S. H. Orkin, Proc. Nati. Acad. Sci. USA, in press).
The initial cloning of the X-CGD gene utilized and demonstrated the up-regulation of its expression in DMF-induced HL-60 cells. We have now further characterized the expression, inducibility, and control of the X-CGD gene during HL-60 granulocytic differentiation.
MATERIALS AND METHODS
Cell lines and culture conditions. HL-60 cells, originally obtained from Robert Gallo (National Cancer Institute, Bethesda, Md.), were passaged twice weekly in RPMI 1640 medium (GIBCO Laboratories) supplemented with 10% heat-inactivated fetal calf serum, 5.0 U of penicillin per ml, and 5 (26) .
Northern blot analysis of RNA. RNA was extracted by the guanidine hydrochloride method (20) . Polyadenylated RNA was further purified from whole cell HL-60 RNA by passage over an oligo(dT)-cellulose column. For Northern (RNA) blotting (26) , whole cell or polyadenylated RNA was denatured, electrophoresed in a 1.2% agarose-formaldehyde gel in morpholinepropanesulfonic acid buffer, and then transferred to a 0.45-pum-pore-size filter of Zeta Probe (BioRad Laboratories). Prehybridization, hybridization, filter washes, and filter stripping were performed as described previously (19) . Filters were dried at room temperature before exposure to XAR film (Kodak) with Lightning-Plus intensifying screens (Kodak) at -70°C. Densitometry of the processed film was performed on a Quick-Scan R&D densitometer (Helena Laboratories), and areas under the curves were determined by the weight of cut-out chart paper. Values for hybridization to control plasmid DNA were subtracted from those for the plasmid with specific probe.
Southern blot analysis of HL-60 DNA. High-molecularweight DNA was isolated as previously described (26) from cell nuclei (6) prepared from 107 to 108 cells. The DNA was digested with restriction enzymes according to the instructions of the distributor; electrophoresis, hydrolysis. and denaturation were performed by standard techniques (26) . Transfer, prehybridization, and hybridization procedures were identical to those for Northern blots.
Nuclear runoff assay for transcription rates. Nuclear runoffs were performed with minor modifications of the method VOL. 8, 1988 developed for HL-60 cells (25 (Fig. 1) . Incubation of the granulocytes with PMA at concentrations that activate superoxide release did not result in increased levels of X-CGD message, indicating that PMA stimulation of oxidase activity is not regulated at the level of X-CGD mRNA abundance. The percentage of NBT-positive cells was 1% for the resting granulocytes and 99%o for granulocytes stimulated by PMA.
DNA isolated from HL-60 cells was cut by several restriction endonucleases and examined on Southern blots for hybridization with a 0.3-kilobase restriction fragment from the 3' untranslated region of X-CGD cDNA (32) . In HL-60 DNA cut with PstI, EcoRI, or HindIII, only one band hybridized with the probe, suggesting that the X-CGD gene is present as a single copy in HL-60 cells (data not shown).
To define the inducibility of the X-CGD gene, HL-60 cells were treated with a sequential RA-DMF induction regimen for 5 days. During RA-DMF treatment, both DNA and RNA synthesis decreased almost to background levels (34) . This treatment resulted in effective granulocytic differentiation, as shown by differential cell counts (Table 1) . When RNA, extracted from HL-60 cells during 5 days of treatment with RA-DMF, was hybridized with labeled X-CGD probe, lowlevel hybridization was discernable on day 0. The X-CGD signal doubled by day 1 and was increased 10-fold by day 2 and 13-fold by day 4 of differentiation; hybridization remained high (8-fold above that at day 0) even at 5 days of differentiation ( Fig. 2A) . This rise in X-CGD mRNA accompanied an increase in oxidase activity, as measured by the ability of the cells to reduce NBT (Fig. 2B) .
Because of the rapidity of induction of the X-CGD message, we examined the expression of the message during a shorter incubation with inducing agent. HL-60 cells were incubated with RA for 24 h, RNA was extracted from the cells at intermediate time points, and Northern transfers were probed with X-CGD cDNA (Fig. 3A) . X-CGD hybrid- ization increased during 24 h, rising almost twofold by 3 h and fivefold by 24 h. This increase in the level of X-CGD transcripts correlated with the similarly early appearance of cells capable of superoxide generation, measured by NBT reduction (Fig. 3B) .
To elucidate the mechanisms of regulation of the steadystate levels of X-CGD mRNA, nuclear runoff transcription assays were performed on cells before and at several times during differentiation. The autoradiograph from one such experiment (Fig. 4) demonstrates the rise in transcription of X-CGD during 3 days of differentiation with RA-DMF, compared with the probes pBR322 (plasmid control), glutathione peroxidase cDNA (which is down-regulated [S. Chada, C. Whitney, J. Wright, and P. E. Newburger, J. Cell. Table 2 shows the relative transcription rates of the X-CGD gene, plus control probes for catalase and of c-myc (which rapidly decreases in expression upon induction of differentiation [21] ). X-CGD transcription increased nearly 2-fold after 1 or 2 days of induction, and 2.4-to 8-fold after 3 or 4 days. Concomitantly, the rate of transcription of c-myc decreased, as expected, to an undetectable level, and that of catalase decreased only slightly.
One interpretation of these data might be that the increase in X-CGD expression is due only to perturbation of the HL-60 cell cycle induced by RA-DMF, which (like any other (Fig. 5B ), all cell fractions showed approximately equal X-CGD transcript levels. Reprobing of the same filter with a cDNA for the transferrin receptor showed the expected decrease in expression (17) in the first (G1-GO) fraction (data not shown).
After 48 h in RA-DMF, differentiation had produced major morphological changes in the distribution of myeloid cell types, cell proliferation had greatly diminished, and superoxide-generating capacity had increased. With the centrifugal elutriation protocol utilized in these studies, 48-h differentiated cells fractionate less by stage of the cell cycle than by degree of differentiation, with the more mature cells eluting in the earlier fractions (30) . X-CGD was expressed strongly in all fractions but the last, which contained the few remaining undifferentiating and mitotic cells (Fig. SC) .
DISCUSSION
The recently cloned X-CGD gene (32) encodes one polypeptide chain of the cytochrome b component of the superoxide-generating NADPH oxidase of phagocytic cells (15, 35) . To study the molecular basis of the development of superoxide-generating activity during myeloid maturation, we examined the expression, inducibility, and control of the X-CGD gene during induced granulocytic differentiation of the HL-60 human myeloid cell line.
The level of X-CGD transcripts increased during differentiation and paralleled the increase in the numbers of cells exhibiting respiratory burst activity (measured as NBT reduction). These results confirm and extend our previous data obtained in the course of the cloning of the X-CGD gene (32) .
Two interesting aspects of the rise in steady-state X-CGD transcript levels were the rapidity of induction of the X-CGD The studies of transcription rates by nuclear runoff suggest that expression of X-CGD is controlled at both the transcriptional and posttranscriptional levels. The relative changes in transcription rates are similar to those of steady-state mRNA levels during the first day of induction. Thus, transcriptional control appears to be important early in differentiation and may be the dominant factor in the control of steady-state mRNA. At days 3 and 4 of induced differentiation, the change in the X-CGD transcription rate is less than the increase in X-CGD mRNA, suggesting the operation of posttranscriptional mechanisms, such as increased mRNA stability, that might further increase the steady-state level of the transcripts (particularly at day 4). These comparisons of proportions are approximate, since experiment-to-experiment variation makes exact overlap of the data impossible. However, the direction and degree of observed changes were reproducible and consistent.
The decrease in the transcription rate of c-myc in response to RA-DMF can fully account for the decrease in steadystate nyc mRNA during both short-term (24 h) and longterm (5 days) incubation with RA-DMF and supports data from other laboratories which demonstrate transcriptional regulation of c-myc during differentiation of HL-60 cells (23, 37) .
Expression of X-CGD in the G1 phase of the cell cycle in undifferentiated cells could occur because X-CGD is cell cycle controlled and hence preferentially expressed in G1. Alternatively, the finding could represent expression of the gene in the small number of cells spontaneously committed to differentiate and blocked in G1-Go. Twenty-four hours after HL-60 cells are induced to differentiate with RA, the X-CGD mRNA is expressed equally strongly in every phase of the cycle, indicating that the cell need not be in G1-Go, or be morphologically and functionally mature, to express the X-CGD mRNA. The results of the experiment with HL-60 cells incubated for 2 days with RA-DMF before separation into immature and mature fractions indicate that cells which are induced but still morphologically undifferentiated express X-CGD mRNA as strongly as those already showing morphologic change. Only fraction 5 cells, the most undifferentiated, have lower levels of X-CGD mRNA. Thus, the expression of X-CGD mRNA during granulocytic differentiation appears to be independent of the cell cycle and to occur in both proliferating and nonproliferating, and both morphologically mature and immature cells.
